The aim of this work is to identify the molecular cause of autosomal recessive early onset retinal degeneration in a consanguineous pedigree. Seventeen members of a four-generation Pakistani family were recruited and underwent a detailed ophthalmic examination. Exomes of four affected and two unaffected individuals were sequenced. Variants were filtered using exomeSuite to identify rare potentially pathogenic variants in genes expressed in the retina and/or brain and consistent with the pattern of inheritance. Effect of the variant observed in the gene Intraflagellar Transport Protein 43 (IFT43) was studied by heterologous expression in mIMCD3 and MDCK cells. Expression and sub-cellular localization of IFT43 in the retina and transiently transfected cells was examined by RT-PCR, western blot analysis, and immunohistochemistry. Affected members were diagnosed with early onset non-syndromic progressive retinal degeneration and the presence of bone spicules distributed throughout the retina at younger ages while the older affected members showed severe central choroidal atrophy. Whole-exome sequencing analysis identified a novel homozygous c.100 G > A change in IFT43 segregating with retinal degeneration and not present in ethnicity-matched controls. Immunostaining showed IFT43 localized in the photoreceptors, and to the tip of the cilia in transfected mIMCD3 and MDCK cells. The cilia in mIMCD3 and MDCK cells expressing mutant IFT43 were found to be significantly shorter (P < 0.001) than cells expressing wild-type IFT43. Our studies identified a novel 
Introduction
Retinal degeneration is a group of inherited conditions that cause irreversible vision loss (1, 2) . These segregate in autosomal dominant, recessive, X-linked, and mitochondrial patterns (3) (4) (5) (6) . Retinal degeneration has also been observed to be a component of a large number of inherited syndromic diseases. More than 250 genes have been implicated in retinal degeneration. The majority of these are associated with non-syndromic inherited retinal degeneration (IRD), and some are associated with both syndromic and non-syndromic forms of retinal degeneration (4, 7, 8) . An example of a gene that is implicated in both isolated and syndromic retinal degeneration is BBS5 (9, 10) . The syndrome that is caused by mutations in this gene is known as Bardet-Biedl syndrome, which is part of the ciliopathy spectrum of disorders. Ciliopathies are a group of genetically and phenotypically heterogeneous conditions caused by dysfunction of primary cilia present in a majority of vertebrate cell types (11) (12) (13) . The phenotype of these diseases spans a wide spectrum of clinical entities involving nearly all organ systems. BardetBiedl syndrome, Joubert syndrome and Sensenbrenner syndrome are all examples of ciliary disorders in which retinal dystrophy may occur. That said, while retinal degeneration is a common feature in Bardet-Biedl and Joubert syndrome, it is much less common in Sensenbrenner syndrome as only a few individuals with retinal degeneration have been reported to date (11, (14) (15) (16) (17) (18) .
Sensenbrenner syndrome, also known as cranio ectodermal dysplasia (CED) and short rib polydactyly syndrome (SRPS) belong to a group of autosomal recessive skeletal dysplasias. These disorders are primarily characterized by skeletal and ectodermal abnormalities, chronic renal failure, heart defects and hepatic fibrosis (19, 20) . The skeletal dysplasias are genetically heterogeneous and in some cases caused by disruption of intraflagellar transport (IFT) (19, 20) . One of the genes associated with CED and SRPS phenotypes is IFT43. A homozygous initiation codon mutation (c.1 A > G) in IFT43 was previously reported in two affected members of a consanguineous family of Moroccan descent with CED (21) . The same mutation has also been observed to segregate with SRPS in the homozygous state in an additional family (20) . This mutation is known to disrupt IFT-A complex regulated retrograde transport (11, 21) . In addition, a homozygous missense mutation, p.Trp179Arg has been reported in a European pedigree with SRPS (20) . The cases with SRPS phenotype and IFT43 mutations were evaluated at 18 weeks gestational age and hence the impact of these mutations on the retina is not known. However, it is remarkable that retinal degeneration was not found in either of the affected children in the Moroccan family as we report here, where non-syndromic earlyonset recessive retinal degeneration in a large consanguineous Pakistani pedigree is associated with homozygosity for the c.100 G > A (p.Glu34Lys) IFT43 mutation. These findings along with functional validation demonstrate the involvement of IFT43 in nonsyndromic recessive early onset retinal degeneration.
Results

Clinical evaluation of patients
Clinical analysis on four affected members (III: 1, III: 2, III: 7 and III: 8) and two unaffected members (III: 4 and III: 5) of this pedigree ( Fig. 1) showed normal physical development, body mass index and had no symptoms of Sensenbrenner syndrome such as polydactyly, short-rid or micromelia. All four affected members were reported to have noticeable night vision abnormalities under the age of 5 years. Fundoscopy of affected individuals (III: 1 and III: 8) (Fig. 2) showed optic nerve pallor, retinal vessel attenuation, and bone spicule pigmentary change anterior to the arcades and in the nasal retina at the age of 30 and 23 years, respectively (Fig. 2) . III: 1 also had extensive RPE and choroidal atrophy in each macula; III: 8 had a smaller area of RPE and choroidal atrophy in the macula whereas fundoscopy of a control individual was normal at the age of 32 years (Fig. 2) . Full field ERG responses were undetectable to all stimulus conditions in all affected individuals when measured at age 46 (III: 1), 42 (III: 2), 46 (III: 7) and 28 (III: 8) years of age, while an unaffected individual exhibited rod and cone responses within normal ranges at age 30 (III: 4) (Fig. 3) .
Exome sequencing and analysis of variants
Exomes of four affected (II: 11, II: 12, III: 2 and III: 7) and two unaffected (II: 10 and II: 13) members of the PKRD272 pedigree were captured and sequenced using Nimblegen V2 or V3 sequencing kits. The average base read depth was 99 and the coverage of target sequence ranged from 94 to 99% at 20X. Sequence analysis identified on average 61, 000 variants in each exome. Homozygosity mapping revealed a 18 Mb region on chromosome 14 (chr14: 59000001-77000000) shared by four affected individuals in the homozygous state (Fig. 4A ). This region contains 138 genes including RDH11, RDH12 and TTLL5 genes associated with IRD. However, no rare potentially pathogenic variants segregating with IRD in PKRD272 were observed in these three genes. Further analysis of single nucleotide variants (SNVs) and insertion-deletion (INDELs) variants from six members of this family using in-house exomeSuite software (22) identified 180 homozygous variants that were shared by the four affected individuals and heterozygous or absent in the two unaffected members. Further filtering of these for rare (<0.005 frequency) and potentially pathogenic variants in genes expressed in the retina or brain tissue identified two rare candidate variants for the retinal degeneration in this pedigree (23) . One candidate variant was c.100 G > A (p.Glu34Lys) in IFT43 and the second candidate variant was c.1256 G > C (p.Ser419Thr) in the SLC38A6 gene. Both changes were located on chromosome 14 about 15 Mb base pairs apart and within the 18 Mb shared homozygous region identified by homozygosity mapping. Both variants are rare, with a frequency of 0.0001 for the IFT43 variant (rs140366557) and 0.000008 for the SLC38A6 variant (rs762713377). Among these, only the c.100 G > A (p.Glu34Lys) change in IFT43 segregated with the retinal degeneration phenotype after analysis of additional members of the PKRD272 pedigree ( Fig. 1 and 4B) . The glutamic acid residue of p.Glu34Lys is located in a domain that is highly conserved in mammals (Fig. 5A) . However, the Chlamydomonas and Drosophila orthologs of IFT43 showed 39% and 22% homology respectively with the human IFT43 (Fig. 5A) . The p.Glu34Lys change in IFT43 is predicted to be damaging by PolyPhen2, SIFT and MutationTaster (24, 25) . These data indicate that this potentially pathogenic variant is the likely cause of retinal dystrophy in the Pakistani family PKRD272. Analysis of 150 ethnicity-matched controls by Sanger sequencing and screening the whole genome data of 800 individuals with no history of IRD did not detect the p.Glu34Lys variant in IFT43. In addition, screening the whole exome variant data of 1771 individuals from IRD pedigrees with Pakistani, Indian, Middle Eastern, Japanese and Caucasian ethnicity did not detect any pathogenic variants in IFT43 segregating with disease. Furthermore, screening the whole genome sequence data of 460 individuals from 120 IRD pedigrees from the above populations also did not identify potential candidate variants in IFT43, suggesting the uncommon nature of the involvement of IFT43 mutations in causing IRD.
Expression profile of IFT43
Currently, no evidence has been reported for a role of IFT43 in the retina. Analysis of IFT43 expression in the retina was studied by RT-PCR and immunohistochemistry (IHC). qRT-PCR analysis of mouse ocular tissues revealed the expression profile for IFT43 in a 2-month-old mouse with a high level of expression in the retina and minimal expression in the RPE (Fig. 5B) . IHC of IFT43 in mouse and human retinal tissue showed that IFT43 is localized predominantly to the photoreceptor outer segment region (Fig. 6 ). Significant expression was not observed in other layers of the retina. The expression of IFT43 in the retina supports the involvement of this gene in retinal dystrophy.
Expression and localization of wild type and mutant IFT43 in mammalian cells mIMCD3 cells were transfected with mammalian constructs containing wt-IFT43 ( Fig. 7A-C) or the Glu34Lys-IFT43 variant ( Fig. 7D-F ), both tagged with 6X-His. Cells transfected with wt-IFT43 showed cilia of normal length and the localization of IFT43 at the distal tip of cilia as reported previously (26) . Localization of some intraflagellar transport proteins (IFTs) also varies at different stages of the cell division cycle (27) . Cells transfected with Glu34Lys-IFT43 had cilia that were significantly shorter in length (P < 0.0001) (Supplementary Material, Fig. S1 ). mIMCD3 cells transfected with wild type and mutant IFT43 constructs were stained with IFT88 and acetylated alpha-tubulin antibodies. Acetylated alpha-tubulin staining revealed normal ciliary structures in cells transfected with the wild type construct, and IFT88 localized to the basal bodies and the distal tip of the cilia as previously reported ( Fig. 8A-C) (27) . In contrast, acetylated tubulin and IFT88 staining showed shorter to no signal of ciliary structures and colocalization of IFT88 with acetylated tubulin signals in cells transfected with Glu34Lys-IFT43 (Fig. 8D-F) . Similar findings were observed when MDCK cells were transfected with wild-type and mutant IFT43 constructs (data not shown). Mock-transfected cells did not show immunostaining with 6x-His antibody.
A transfection efficiency of 70% in cells transfected with both wild type and mutant IFT43 was observed. Western blot analysis showed the expression of wild type and mutant IFT43 in transiently transfected cells (Supplementary Material, Fig. S2 ). The presence of an increased amount of protein was observed in the lane loaded with the Glu34Lys-IFT43 compared with the wild type. This finding suggests the possible formation of higher molecular weight aggregates and accumulation of mutant protein in cells expressing mutant IFT43 (28) (29) (30) . While a detailed analysis is needed to understand the fate and influence of the mutant protein in cells, the findings suggest that the p.Glu34Lys mutation disrupts the intraflagellar transport machinery causing abnormal cilium structure and/ or affects ciliogenesis.
Discussion
Homozygosity mapping and whole exome sequencing in a fourgeneration pedigree PKRD272 identified a novel, potentially pathogenic homozygous change (p.Glu34Lys) in IFT43 located on chromosome 14. This variant segregated with the early onset retinal degeneration phenotype (Figs 1-3 ), likely consistent with severe early childhood onset retinal dystrophy (SECORD, ICD-10 H35.5) (31-33) or early onset retinitis pigmentosa (RP) (34) . The history of night blindness before age 5 suggests rod cone degeneration, but as adults' full-field ERG responses were not measurable to either scotopic or photopic stimuli and macular atrophy was present. Although the full-field ERGs were not recorded according to International Society for Clinical Electrophysiology of Vision (ISCEV) standards (35) , responses were severely reduced to bright and dim stimuli in both dark and light adapted conditions, consistent with the clinical diagnosis of severe early childhood onset retinal dystrophy. The current report adds IFT43 mutations to the genes that have been associated with early onset RP and macular atrophy, including NMNAT1, AIPL1, and LCA5 (36-39).
Previously, a homozygous missense mutation in the IFT43/ C14orf179 was observed in a consanguineous family of Moroccan descent with two siblings diagnosed with Sensenbrenner syndrome (21, 40) . Remarkably, clinical retinal abnormalities have not been observed in the Moroccan family to date (age 13yrs) (personal communication, Ernie Bongers) (21) . Sensenbrenner syndrome is a rare genetically heterogeneous inherited disorder with the involvement of multiple organ systems (19, 20) . While retinal involvement has not been reported as a common occurrence in Sensenbrenner syndrome, it has been described in a few unrelated families (11, 17, 18) . Although the underlying molecular cause of the disease is unknown in most of these Sensenbrenner patients, Bredrup et al, reported one family with compound heterozygous mutations in WDR19 encoding IFT144 (11). One homozygous start loss mutation c.2 T > A (p.Met1Lys) and another homozygous missense c.535 T > C (p.Trp179Arg) mutation in IFT43 were reported with Short rib polydactyly syndrome in two different families of European descent. The clinical studies on affected cases in these families were performed on fetuses of 18 weeks gestational age and they were reported with hypertelorism. The influence of IFT43 mutations on their retina is not known (20) . The retinal degeneration phenotype of PKRD272 and the absence of non-ocular abnormalities indicate that the phenotype associated with the IFT43 p.Glu34Lys mutation is distinctly different from the syndromic phenotypes reported in patients with other IFT43 gene alterations (21, 40) . Furthermore, these findings also suggest that individuals with Sensenbrenner syndrome and IFT43 mutations may be at risk for developing blindness although the affected patients in the current study were affected with night vision loss before age 5 and had severe vision loss in adulthood.
The lack of a syndromic phenotype in members of this Pakistani family with the IFT43 homozygous p.Glu34Lys mutation is intriguing. Similarly, retinal dystrophy has not been reported in patients with Sensenbrenner syndrome due to IFT43 mutations. Genes associated with cranio ectodermal dysplasia include IFT43, IFT52, WDR35/IFT121, WDR19/IFT144 and IFT122 (41-44). All of these are ciliary proteins and members of intraflagellar transport machinery (45) . Abnormal retrograde transport of ciliary proteins due to mutations in these genes has been implicated as the underlying cause of the phenotype (41, 43, 44) . IFT43 is a member of the IFT-A complex that is highly conserved through evolution and interacts closely with IFT121 (45, 46) . The specific function of IFT43 is unknown and no putative structural domains have been identified in this protein, although the proline rich N-terminal half of IFT43 may play an important role in protein-protein interactions (46) . The start codon mutation c.1 A > G; p.Met1Val in the IFT43 gene found in the Moroccan patients likely results in the utilization of a downstream initiation codon and generation of a mutant protein shorter by 21 amino acids (21) . This mutation causes accumulation of IFT88, suggesting disruption of retrograde transport of ciliary proteins (21) . Similarly, fibroblasts of the patient with a 4.5 Mb heterozygous microdeletion on chromosome 14 showed abnormal transport of ciliary proteins; this suggests that haploinsufficiency of IFT43 may impact transport of ciliary proteins as well (40) . However, the ciliary structures appear to be normal in the fibroblasts of patients with the start codon (c.1 A > G) mutation and the patient with the heterozygous deletion suggesting normal ciliogenesis (21, 40) . Contrary to these findings, the fibroblasts from SRPS patients with the homozygous p.Trp179Arg mutation showed abnormal ciliogenesis (20) . Consistent with these findings, the cells expressing the p.Glu34Lys mutant IFT43 had significantly shorter ciliary structures indicating abnormal ciliogenesis ( Fig. 8 and Supplementary Material, Fig. S1 ). The missense mutations p.Trp179Arg and p.Glu34Lys mutations may alter the secondary structure of the IFT43 protein leading to abnormal ciliogenesis. Lack of information on the retinal status of the patient with p.Trp179Arg is a limitation, the abnormal ciliogenesis due to the p.Glu34Lys may lead to the retinal degeneration observed in the pedigree PKRK272. Although the mechanism underlying selective retinal degeneration due to the p.Glu34Lys mutation is not known, the absence of pathological changes in non-ocular tissue in affected individuals III: 1, III: 2, III: 7 and III: 8 indicate that photoreceptors may be more sensitive to the p.Glu34Lys mutation than other cells in the body. Photoreceptor cells have a highly evolved ciliary structure that plays a critical role in the development and maintenance of these polarized cells with unique morphology (47) (48) (49) . The members of IFT machinery participate in ciliogenesis in addition to their role in the bidirectional transport of ciliary proteins in photoreceptors (45, 50, 51) . So far, mutations in four additional members of IFT machinery: IFT27, IFT172, IFT140 and IFT144 have been reported in patients with retinal degenerations (11, (52) (53) (54) . IFT172 and IFT140 are involved in causing both syndromic and non-syndromic RD while mutations in IFT27 and IFT144 are reported only in syndromic RD. The current understanding of IFT function and the impact of its mutations are not sufficient to explain the variation in syndromic and nonsyndromic phenotypes. Similar to IFT43, other IRD genes such as USH2A and Bardet Biedl syndrome (BBS) genes are also implicated in both syndromic and non-syndromic IRD and the mechanism underlying this variation in phenotype is not understood. Future studies of the role of IFT43 and the impact of its mutations, particularly in photoreceptors cells and animal models, may facilitate a better understanding of the mechanism underlying syndromic and non-syndromic phenotypes associated with mutations in IFT43 and other IRD genes.
Materials and Methods
Ethics statement
All studies were performed in accordance with the Declaration of Helsinki and the approval of the institutional review boards (IRB) of University of California San Diego, La Jolla, Johns Hopkins University, Baltimore and the National Center of Excellence in Molecular Biology, Lahore, Pakistan. Written informed consent was obtained from all participating subjects. Blood samples were collected from seventeen members of a family (PKRD272) with multiple affected members and multiple consanguineous marriages from Lahore, Pakistan (Fig. 1) .
Clinical evaluation
Clinical analysis including electroretinography (ERG), fundus photography, and color vision was performed on four affected members (III: 1, III: 2, III: 7 and III: 8) and two unaffected members of this pedigree (III: 4 and III: 5) (Fig. 1) (55) . Patients' ERG responses were measured at 0 dB while the 30 Hz flicker responses were recorded at 0 dB to a background illumination of 17 to 34 cd/m 2 using LKC Technologies, Inc (Gaithersburg, MD).
Genetic analysis
DNA isolation for all available members was performed using Puregene Blood Kit and protocol (Cat No./ID: 158389). Exomes of one affected member (II: 12) were sequenced using Nimblegen V2 kit. Another three affected (II: 11, III: 2 and III: 7) and two unaffected (II: 10 and II: 13) individuals were captured using Nimblegen V3 probe capture kit (Fig. 1) . Read mapping and variant calling was performed using BWA and GATK (56) . Variants were filtered using exomeSuite as described previously (22) . Homozygosity mapping was performed using rare SNPs and INDELs (allele frequency in 1000Genome < 0.001) identified in each 1Mbp window of the genome from four affected and two unaffected individuals (57) . Segregation analysis and screening of ethnicity-matched controls were performed by Sanger's dideoxynucleotide sequencing (55) .
Expression of IFT43 transcript
Eyes from 2-month-old wild-type C57BL/6 mice were isolated and dissected to collect different ocular tissues. Isolation of RNA was performed by Qiagen RNeasy V R Mini Kit (Cat No./ID: 74104) following standard protocol. Reverse transcription and calculation of Ift43 expression relative to the housekeeping genes Gapdh and Actb were performed as described previously (58) .
Immunohistochemistry
Cryosections of 6-month-old wild-type C57BL/6 mouse eye and a 57-year-old normal human donor eye were used to perform immunohistochemistry as described previously (59) . Rabbit polyclonal anti-IFT43 antibody (1: 100) (Abgent-AP5370c), Anti mouse Rhodopsin (1: 200) (ab3267, Abcam, Cambridge, MA), Anti goat polyclonal OPN1SW (1: 200) (Santa Cruz Biotechnology, Dallas, Texas), AlexaFluor-647-conjugated donkey anti-rabbit secondary antibody (1: 3000) (Invitrogen, Carlsbad, CA, USA), AlexaFluor-488-conjugated donkey anti-mouse secondary antibody (1: 2000) (Invitrogen, Carlsbad, CA, USA) and AlexaFluor-555-conjugated donkey anti-goat secondary antibody (1: 3000) (Invitrogen, Carlsbad, CA, USA) were utilized for staining. Images were captured using Nikon confocal microscope system (A1Rþ STORM, Nikon; Melville, NY 11747, USA) and processed using Adobe Photoshop CS6.
Constructs design for mammalian cell transfections
The image clone containing full-length human IFT43 (hIFT43 ENST00000238628.10) cDNA [Clone MGC: 16028 (IMAGE: 3608220)] in the pOTB7 plasmid was purchased from PlasmID Repository at Harvard Medical School (Boston, MA 02115). The sequence of the clone was verified using 5'-GAGATGGAGGAT TTGCTCGAC -3' forward primer and 5'-CAGGTGTGCCTGGCC TGCC -3' reverse primer. The point mutation (p.Glu34Lys) was introduced by site-directed mutagenesis using primers 5'-GGAGTCAGCGCAGGCCAAGAATCACCTCAATGGCAAGAATTCC -3' and 5'-GGAATTCTTGCCATTGAGGTGATTCTTGGCCTGCGCT GACTCC -3'. The PCR product was purified using Zymoclean TM Gel DNA Recovery Kit (Zymogen Research, Irvine, CA, USA) and ligated using Gibson cloning (Gibson Assembly Cloning Kit, NEB). Subsequently, the wt-IFT43 and Glu34Lys-IFT43 constructs were generated in pDONR TM P1-P4 and pDONR TM P3-P2 vector using the Multisite Gateway Cloning Kit (Life Technologies, Carlsbad, CA, USA). The wt-IFT43 and Glu34Lys-IFT43 constructs were tagged with polyhistidine at the N-terminus.
Subcellular localization and expression
mIMCD3 cells and MDCK cells were transfected with recombinant expression vectors containing wild type or mutant inserts using NeonV R Transfection System (Life Technologies, Carlsbad, CA, USA) as described earlier (30) . After 24 h of transfection, cells were collected for further analysis. Immunofluorescence analysis of transfected cells was performed as described earlier (30) . Anti-6X His tagV R antibody -ChIP Grade (ab9108) antibody ( 
Analysis of wild type and mutant IFT43 protein in transfected cells
Expression of wild type and mutant IFT43 in transiently transfected mIMCD3 cells was evaluated by western blot analysis using anti-6X His tagV R antibody -ChIP Grade (ab9108) antibody (1: 2000) (Cambridge, MA 02139-1517) and chicken anti-rabbit IgG-HRP (1: 3000) (sc-2963). After stripping, the membrane was reprobed with monoclonal anti-b-Actin, Clone AC-74 primary antibody (1: 2000) (Sigma Aldrich) and bovine anti-mouse IgG-HRP (1: 3000) (sc-2963). The images of the immunoblots were captured using MyECL gel Imager (Thermo Fisher Scientific) and processed using Adobe Photoshop CS6.
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